Abstract: This work aims to study the synergistic effect of aluminum/magnesium hydroxide microfillers and organomodified fumed silica nanoparticles as flame retardants (FRs) for linear low-density polyethylene (LLDPE), and to select the best composition to produce a fireresistant polyethylene-based single-polymer composite. The fillers were added to LLDPE at different concentrations, and the prepared composites were characterized to investigate the individual and combined effects of the fillers on the thermo-oxidation resistance and the fire performance, as well as the microstructural, physical, thermal and mechanical properties. Both filler types were homogeneously distributed in the matrix, with the formation of a network of silica nanoparticles at elevated loadings. Melt flow index (MFI) tests revealed that the fluidity of the material was not considerably impaired upon metal hydroxide introduction, while a heavy reduction of the MFI was detected for silica contents higher than 5 wt%. FRs introduction promoted a noticeable enhancement of the thermo-oxidative stability of the materials, as shown by thermogravimetric analysis (TGA) and onset oxidation temperature (OOT) tests, and superior thermal properties were measured on the samples combining micro-and nanofillers, thus evidencing synergistic effects. Tensile tests showed that the stiffening effect due to a high content of metal hydroxide microparticles was accompanied by a decrease in the strain at break, but nanosil- ica at low concentration contributed to preserve the ultimate mechanical properties of the neat polymer. The fire performance of the samples with optimized compositions, evaluated through limiting oxygen index (LOI) and cone calorimetry tests, was strongly enhanced with respect to that of the neat LLDPE, and also these tests highlighted the synergistic effect between micro-and nanofillers, as well as an interesting correlation between fire parameters and viscosity.
Introduction
The massive employment of polymers and polymer-matrix composites has been driven by their combination of low density, high processability and interesting mechanical and physical properties [1, 2] . Polyolefins, and polyethylene (PE) in particular, are among the most widely used thermoplastic polymers, due to the remarkable combination of high chemical resistance, good mechanical properties and cheapness. Among the classes of PE, linear lowdensity polyethylene (LLDPE) has emerged for high impact and tear strength and film-drawing tendencies, which widen the range of applications of this polymer in the film and packaging industry [1, 3, 4] . One of the major drawbacks of polymers and polymer composites is represented by their high flammability, and thus the improvement of flame resistance of polymers is crucial to broaden their useand meet the increasingly stringent safety requirements [2, 5, 6] .
To reach this goal, the most common approach is to add flame retardants (FRs). Depending on their nature, FRs operate physically and/or chemically in the solid, liquid or gas phase and hinder combustion at different levels [7] .
There are many types of FRs, which can be classified according to their chemistry, morphology or FR mechanism. The most common are metal hydroxides, boronbased FRs, halogen-based FRs, phosphorous-based FRs, silicon-based FRs, nitrogen-based FRs, intumescent fillers, and nanometric particles [6] . Due to the well known tendency of halogenated FRs to release toxic and corrosive by-products, a significant research activity has focused on halogen-free FRs, in order to find less hazardous and more environmentally friendly alternatives [6] [7] [8] [9] [10] .
One of the most diffused classes of halogen-free FRs is represented by the metal hydroxides [11, 12] . These FRs, normally provided in the form of micrometric particles, are generally used in high weight fractions, also up to 70 wt%. In this way, they act as a solid phase diluent and reduce the rate of oxygen diffusion into the polymer bulk, while enhancing the heat capacity, thermal conductivity and emissivity [13] . At a specific temperature, normally close to the polymer pyrolysis temperature, metal hydroxide FRs are subjected to an endothermic decomposition and act as "heat sinks", thereby leading to a temperature decrease and slowing down the thermal degradation [14] . To be effective as flame retardants, their decomposition temperature must be higher than the polymer processing temperature and near or slightly below the polymer decomposition temperature. Their decomposition produces metal oxides, water and other inert gases. These gases help in diluting the combustible gas mixture, thus limiting the reagents concentration in the gas phase and consequently the probability of ignition, and water also brings a beneficial cooling effect in the solid and gas phases. The produced metal oxides, besides increasing the average heat capacity, may accumulate on the burning surface creating a protective barrier layer, which physically separates the oxygen from the combustible gases and can act as a smoke suppressant [7, [13] [14] [15] [16] . Therefore, metal hydroxide FRs act through three physical mechanisms: (a) the endothermic decomposition, which subtracts heat, (b) the production of diluent inert gases, which decrease the fuel concentration in the gaseous phase, and (c) the accumulation of an inert layer on the polymer surface, which acts as oxygen/fuel barrier [13] . Among the most common metal hydroxide FRs are the aluminum trihydroxide Al(OH) 3 and the magnesium hydroxide Mg(OH) 2 . Their decomposition reactions are reported hereafter: 2Al(OH) 3 From these reactions, the theoretical loss of water can be calculated as 34.6 wt% for Al(OH) 3 and 30.9 wt% for Mg(OH) 2 . Their total decomposition enthalpies are 1300 and 1450 J/g, respectively [17] . The flame retardant effects of aluminum and magnesium hydroxides on polyolefins have been widely investigated [12, 14, [18] [19] [20] [21] [22] . One of the major drawbacks of the metal hydroxide FRs is the high filler loading required to increase the flame resistance significantly, even up to 70 wt%. This can have remarkable effects on the density of the final product, but also on the processability and the mechanical properties, especially the ductility, since a high filler content can lead to an embrittlement of the polymer matrix [14] . One of the possible solutions is to substitute part of the metal hydroxide with another filler having a different chemistry and/or morphology and exploiting another FR mechanism. If the employed FRs act synergistically, the same flame resistance can be achieved with a lower FR amount, which reduces the cost and limits the undesired side effects of FRs [6] .
Some researchers have attempted to exploit the FR synergy to reduce the metal hydroxide content. Yen et al. [23] studied the effect of aluminum hydroxide and nanoclay on the fire performance of ethylene-propylene-diene monomer (EPDM) rubber. The substitution of a part of aluminum hydroxide with nanoclay was proved effective to increase the resistance to the thermo-oxidative degradation and the limiting oxygen index (LOI) value, and in reducing the peak heat-release rate (pHRR) and the maximal smoke density. The effectiveness of clays has also been highlighted by Liu et al. [24] , who studied the combined effect of Mg(OH) 2 and organomodified montmorillonite on the flame resistance of low-density and crosslinked PE; again, the combination of the two FRs resulted in better fire performances with a lower FR amount. Similar studies were carried out using organomodified montmorillonite in substitution of magnesium hydroxide or hydromagnesite in EVA [25] or in LDPE/EVA blends [26] .
Regarding other types of synergists, in the work by Sabet et al. [27] the flame performance properties of ethylenevinyl acetate (EVA) were enhanced by the incorporation of magnesium/aluminum hydroxides and zinc borate. It was found that a substitution of 5 wt% of metal hydroxide with zinc borate, in a 40:60 EVA:metal hydroxide formulation, led to significant improvements in flame retardancy as measured by LOI, UL-94, and cone calorimetry experiments. The advantage of substituting part of magnesium hydroxide with zinc borate in EVA was also proved in the work by Durin-France et al. [28] . Pan et al. [22] investigated the influence of fullerene (C 60 ) on the fire performance properties of high-density polyethylene (HDPE)/aluminum hydroxide composites, and observed that a C 60 content of 2% was sufficient to enhance the flame and thermo-oxidative degradation resistance, thus reducing the metal hydroxide content necessary to have a satisfactory fire performance. In both cases, synergistic effects on flame retardancy were highlighted for a total filler loading of 60 wt.%.
From these examples, it is clear that the most widely used flame retardants synergists (co-FRs) are the nanofillers. In fact, nanometric particles, when properly dispersed in polymer matrices, are a versatile filler, known to contribute to a wide range of properties, such as the mechanical, thermal and optical properties, but also the dimensional stability, abrasion resistance, and fire performance [29] . It has been reported that even a low amount of nanofillers can decrease the heat-release rate, due to the formation of a tortuous diffusion path that hinders the gases diffusion in the condensed phases (barrier effect), the tendency to accumulate at the burning interface creating a protective layer and reinforcing the char [29] and also for organomodified montmorillonites the possibility to migrate towards the surface due to viscosity and surface tension gradients [30] [31] [32] .
Among the nanofillers used as FRs, natural or fumed silica has been investigated either alone or in combination with other flame retardants [33] [34] [35] [36] [37] [38] . Cavodeau et al. [33] have highlighted synergistic effects between aluminum trihydroxide and diatomite, a natural silica. The authors observed the formation of an expanded layer during cone calorimetry tests and the modification of the melt viscosity of the sample was suggested to explain the reduction in heat-release rate (HRR). Qian et al. [34] investigated the combined effect of fumed silica and oil sludge in an EVA matrix and found that the silica addition lowered the HRR, promoted the formation of a denser char layer and helped in smoke suppression. The flame retardant and smoke suppression properties of fumed silica were also studied by Chen et al. [35] , who observed the improvement in the fire performance and a decrease in total smoke release in thermoplastic polyurethanes filled with an ammonium polyphosphate FR.
Although many efforts have been made on the investigation of the effect of FRs on the fire performance and the resistance to thermo-oxidative degradation of polymers, only in a few works the corresponding mechanical and physical properties are concurrently investigated. Moreover, although the synergistic effect of nanoparticles and other FRs has been investigated to some extent, only few works can be found on the evaluation of the flame retardancy enhancement given by the combination of metal hydroxides and isodimensional fillers, such as fumed silica nanoparticles, even though they have been proven effective in enhancing the mechanical properties and the fire performance of polymers [3, 39, 40] .
Based on these considerations, the aim of this work is to study the combined and synergistic effect of aluminum/magnesium hydroxides and fumed silica on the physical properties of LLDPE. A wide range of compositions were investigated, to determine the separate and combined effects of the FRs, and the blends were subjected to a thorough and systematic characterization to take into account not only the flame resistance and the thermal degradation behavior, but also the microstructural, thermal and mechanical properties, as well as the effect of the fillers on the processability and the melt viscosity. The targeted applications of these materials are matrices for PEbased singlepolymer composites (SPC) reinforced with ultrahigh molecular weight polyethylene (UHMWPE) fibers. This paper focuses on the optimization of the properties of the flame-resistant matrix, while the production and characterization of the SPCs will be the subject of a separate report [41] .
Materials and methods

Materials
The linear low-density polyethylene (LLDPE) Flexirene CL10 (density = 0.918 g/cm 3 
Sample preparation
Polyethylene micro/nano-composite samples were produced through melt compounding in a Thermo Haake Polylab Rheomix internal mixer. Polymer granules and fillers were processed at 190 ∘ C for 10 minutes at 90 rpm. To avoid agglomeration, the fillers were added only after the complete melting of LLDPE. The resulting composites were subsequently hot-pressed in a Carver laboratory press at 170 ∘ C for 10 minutes, under a pressure of 2.5 MPa, to obtain square sheets of 200 × 200 × 1.5 mm 3 . A wide range of compositions were prepared, to investigate the effect of each of the two metal hydroxides and the fumed nanosilica separately, and then their synergistic influence on mechanical, thermal and fire performance. The samples will be identified as PE-AF/HF-x-Ar974-y, where "PE" stands for the polymer matrix, "AF" and "HF" indicate the aluminum and magnesium hydroxide particles, respectively, x indicates the weight fraction of the selected metal hydroxide with respect to the total mass of the sample, Ar974 stands for the fumed nanosilica and y represents its total weight fraction. In this study, x was varied in the range 10-40 wt% and y in the range 2-20 wt%. The compositions of all the prepared samples are reported in Table 1 .
Experimental techniques
The size distributions of the two metal hydroxide FRs were measured with the laser granulometer LS13320 (Beckman Coulter) in the universal liquid module (ULM) with deionized water, at 900 rpm. The powders were put in suspension in deionized water before being introduced in the granulometer. The refractive index used was 1.589 for real part and 0.01 for the imaginary part. The melt flow index (MFI) of the different compositions was measured with a Kayeness Co. 4003DE capillary rheometer, operating at 190 ∘ C with an applied load of 2.16 kg, according to the standard ASTM 1238. The morphology of the composites and the distribution of the fillers were investigated through scanning electron microscopy (SEM), with a field-emission SEM Carl Zeiss AG SUPRA 40. The blends were cryofractured in liquid nitrogen and sputter-coated with a Pt-Pd alloy, in a Quorum Q150T sputtering machine.
Thermogravimetric analysis (TGA) was performed with a TA Q5000IR instrument, at a heating rate of 10 ∘ C/min from room temperature to 700 ∘ C. Specimens of approximately 10 mg were die-cut from the prepared sheets and tested in an air atmosphere with an air flux of 15 ml/min. From these tests, it was possible to evaluate the temperatures corresponding to a mass loss of 2%, 5% and 50% (T 2% , T 5% , T 50% ), while the temperature of the maximum degradation rate (T d ) was identified as the maximum of the mass loss derivative as a function of temperature. Differential scanning calorimetry (DSC) was performed on the neat LLDPE matrix and on the composites with a Mettler DSC 30 calorimeter, to investigate the LLDPE crystallinity. Specimens of approximately 10 mg were diecut from the prepared sheets and tested in the temperature range 0-200 ∘ C, with a heating/cooling rate of 10 ∘ C/min, under a nitrogen flux of 100 ml/min. The test consisted in a first heating scan, a cooling scan and a second heating scan. The LLDPE crystallinity (Xc) was calculated with the expression reported in equation (1) as:
where ∆H is the specific melting enthalpy of the samples (J/g), ∆H 0 is the theoretical heat of fusion of the 100% crystalline PE, equal to 293 J/g, and W (PE) is the LLDPE weight fraction. The Mettler DSC 30 instrument was also employed to carry out oxidation onset temperature (OOT) tests. These tests aimed to measure the temperature at which the material starts to degrade, under a constant heating rate. Specimens of approximately 10 mg were diecut from the prepared sheets. The tests were performed following the ASTM E 2009 standard, under an air flux of 100 ml/min and a heating rate of 10 ∘ C/min from room temperature to 300 ∘ C, and the OOT was determined with the tangent method between the baseline and the degradation peak. The dehydration process of the as received metal hydroxides was studied with a Mettler DSC 20 in ambient atmosphere, from room temperature to 600 ∘ C, at a heating rate of 10 ∘ C/min.
Limiting oxygen index (LOI) tests were performed to measure the minimum oxygen concentration that sustains the combustion process. The material is said to burn with a given O 2 concentration if the flame is able to top-down burn the specimen for a length of at least 50 mm in 3 minutes. According to the standard ASTM D 2683, rectangular specimens of 100 × 10 × 4 mm 3 were placed vertically inside a CEAST Oxygen Index apparatus. A blowtorch igniter was used to start the combustion process at the specimen's upper end. The flame propagation rate in air (at an O 2 concentration of 20.8%) was also evaluated by measuring the time needed to burn 50 mm of the specimen. Cone calorimetry is generally considered as the analysis that provides an all-round characterization of the flame behavior of a material. The technique is based on the measurement of the decreasing oxygen concentration in the combustion gases of a sample subjected to a constant heat flux, which is then used to calculate the heat released per unit time and surface area, the heatrelease rate (HRR), measured in kW/m 2 [6] . Cone calorimetry tests were performed with a Fire Testing Technology cone calorimeter following the standard ISO 5660-1. Square specimens of 100 × 100 × 3 mm 3 were prepared via melt compounding and hot pressing and tested under a heat flux of 35 kW/m 2 , because this is a value close to that of the first stage of fire development. Besides the HRR value, it was also possible to determine the peak of the HRR (pHRR), the time-toignition (TTI) and the total heat released (THR). Furthermore, the test allowed the calculation of other parameters, such as (a) the fire performance index (FPi) as the ratio between TTI and pHRR, (b) the fire growth rate (FIGRA), as the maximum in HRR(time)/time, and (c) the maximum of average heat release emission (mAHRE) as a function of time.
Vicat tests were performed to determine the Vicat softening temperature (VST), defined as the temperature at which a flat-ended needle with a circular cross section of 1 mm 2 penetrates the specimen to a depth of 1 mm under a specific load and heating rate. According to the ASTM D 1525 standard, specimens with a surface area of approximately 1 cm 2 and a thickness of 3 mm were tested at a heating rate of 120 ∘ C/h and an applied load of 10 N.
The mechanical properties of the composites were investigated through uniaxial tensile tests, with an Instron 5969 universal testing machine equipped with a 50 kN load cell. Dumbbell 1BA specimens (standard UNI EN ISO 527-2) were die-cut from the prepared sheets. For the measurement of the elastic modulus, five specimens were tested for each composition at 0.25 mm/min, with a resistance extensometer Instron 2620-601 having a gauge length of 12.5 mm. The tests were stopped at a strain of 1% and the elastic modulus was evaluated with the secant method between the strain levels 0.05% and 0.25%. Tensile properties at break were performed at a crosshead speed of 100 mm/min on 1BA specimens. The resulting stress-strain curves were employed to obtain the values of stress at yield (σy), stress at break (σ b ) and strain at break (ϵ b ), while the tensile energy at break (TEB) was evaluated as the area under the stress-strain curve. 13.33 µm for HF. These results are in good agreement with the granulometry data reported on the technical data sheet provided by the producer. Figure 2 (a) reports the results of the MFI tests for the samples PE-AF-x and PE-HF-x (x = 0÷40) compared with neat polyethylene (PE). In both cases, the MFI slightly decreases as the metal hydroxide content increases. The MFI values of these compositions range from 3.34±0.15 g/10 min, measured for the neat PE, to 2.11±0.03 g/10 min, determined for the sample PE-AF-40. This value, which is still 63 % of the MFI of the neat PE, indicates that the viscosity and the processability are not dramatically affected by the metal hydroxide content. On the other hand, the addition of fumed silica nanoparticles heavily decreases the MFI, as shown in Figure 2b . For the sample PE-Ar974-20, the measured MFI is 0.02±0.01 g/10 min, only 0.6% of the neat PE value. This effect is also evident in the formulations containing both metal hydroxides and nanosilica (Figure 2b ). This dramatic impact of nanofillers on viscosity was expected, as it is reported elsewhere in the literature for different polymer-fumed nanosilica systems. This phenomenon is generally ascribed to the formation of a percolative network constituted by silica aggregates [3, [42] [43] [44] [45] [46] [47] [48] , in good agreement with SEM results (see Figure 3d) . The MFI test is one of the simplest techniques that give information on the melt fluidity. This parameter is important in this work not only because it relates to the processability of the material in the perspective to produce single-polymer composites, but also because the melt viscosity could influence the fire performance, especially the heat-release rate measured in cone calorimetry tests, as reported by several studies [33, [49] [50] [51] . A higher melt viscosity has often been correlated with an improved flame resistance, as a highly viscous polymer bulk promotes the formation of a compact charred layer and avoids the sinking of the additives in the polymer melt layer, which is also favored by additives with low density and high surface area [6] , such as the fumed nanosilica. On the other hand, low viscosity promotes the early cracking of the charred layer [33] and favors the growth of bubbles and their migration towards the burning surface, which increases the supply of the flame with the pyrolysis gases [49] . Therefore, the aimed viscosity in this work should be an intermediate value, as a higher viscosity could be beneficial for the flame resistance of the ma- terial, but the processability is also an important aspect to be preserved. Figure 3 (a-d) report SEM micrographs at different magnifications of the cryofracture surface of some selected compositions containing both HF and nanosilica. These micrographs highlight the morphology and dispersion of the micro-and nano-fillers. SEM micrography was performed also on AF-containing samples, but the micrographs are not reported for the sake of brevity, as the fracture surface, the adhesion properties and the morphology of the metal hydroxide particles are very similar to those of the samples containing HF. The HF is in the form of micrometric particles with a non-equiaxed, lamellar structure and a rough surface. The particles are well dispersed in the PE matrix, do not form agglomerates, and seem to be weakly bonded to the polymer matrix. The nanosilica, as it results from Figure 3(c-d) , is present in the form of aggregates with dimensions of tens of nanometers, which are well dispersed in the polymer matrix. The percolative network formed by silica nanoparticles is visible in these SEM micrographs, and it is also the reason of the improvement of the mechanical properties such as the elastic modulus and the stress at break [40, 52, 53] .
Results and discussion
DSC tests were carried out to measure the degradation temperature of the metal hydroxides and the effect of filler addition on the crystallinity of LLDPE (Xc). The measured degradation (dehydration) temperatures are 319 ∘ C for AF and 422 ∘ C for HF. The temperature degradation interval of HF is closer to that of LLDPE, as observed in TGA tests. The investigation of the influence of the fillers on the LLDPE crystallinity was limited to the samples containing only the metal hydroxides, e.g. PE-AF-x and PE-HF-x, as their effect on the crystallization behavior of a polyethylene matrix has been less investigated than that of fumed nanosil-ica, which has already been studied by this group [43, 47] .
The obtained results are summarized in Table 2 . It can be observed that the melting and crystallization temperatures are not substantially affected by the introduction of the metal hydroxides, while the crystallinity content increases from 39.0% for the neat PE to 42.2% for a metal hydroxide content of 40 wt%. Moreover, the crystallization temperature increases with an increase in the metal hydroxide content. This suggests that both AF and HF particles may act as nucleating agents, thereby favoring the nucleation and growth of crystals within the polymer matrix.
The TGA analysis performed in air allowed the investigation of the resistance to the thermo-oxidative degradation of the prepared materials. Representative TGA thermograms of some selected compositions are reported in Figure 4 . The temperatures corresponding to a mass loss of 2%, 5% and 50% (T 2% , T 5% , T 50% ), and the temperature associated to the maximum degradation rate (T d , see Paragraph 2.3) are summarized in Table 3 .
TGA tests in air were also performed on the flame retardants as received, and the measured T d for AF and HF were 276 ∘ C and 382 ∘ C, respectively, which are in good agreement with the decomposition temperatures declared by the producer. All the temperatures reported in Table 3 for HF are close to those measured for the neat PE, while AF decomposes at lower temperatures. This lead to the lowering of T 2% of the samples PE-AF-x as the AF content increases. On the other hand, all the degradation temperatures generally increase with the HF content. This is an indication that the HF is more efficient in subtracting heat when required, thus being probably the most suitable flame retardant for PE, even though the coincidence of the decomposition intervals of the FR and polymer matrix is not the only criterion to be considered, since, as mentioned before, the heat subtraction through the endothermic reaction is not the only fire retardant mechanism of mineral fillers [13] . An improvement of the thermooxidative degradation behavior is also observed for the samples containing nanosilica, but only at low concentrations. This is evident both when the nanosilica is present alone (samples PE-Ar974-x) and when it is combined with HF (samples PE-HF-20-Ar974-x and PE-HF-30-Ar974-x). The increased thermal stability of polymer matrices due to the addition of nanofillers is generally ascribed to the fact that the nanofiller accumulates and agglomerates on the surface of the degrading polymer, thereby creating a protective barrier that delays the volatilization of the low molecular weight degradation products [40, 54] . The decrease in T 2% and T 5% at high silica content was previously observed in the literature and it can be explained with the degradation of thermally labile organic species introduced with the surface modification of nanosilica [40, 55, 56] . It is interesting to note that the substitution of the 5 wt% of HF with nanosilica improves the thermo-oxidative resistance, as the values of T 2% , T 5% , T 50% and T d for the sample PE-HF-20-Ar974-5 are higher than those of the sample PE-HF-25. This suggests that the two fillers act synergistically to enhance the thermal stability of the matrix. The same trends observed in TGA were also recorded in OOT tests. Some representative OOT curves are reported in Figure 5 , while Figure 6(a-b) summarizes the OOT values as a function of the weight fraction of the metal hydroxides and the nanosilica.
Both metal hydroxides lead to an increase in the OOT of approximately 20 ∘ C with a filler content of 40 wt.%.
However, the increase in OOT is not linearly related to the filler content, but it reaches a plateau value of 232-235 ∘ C.
The same increase in OOT was also observed after the introduction of nanosilica, and the specimens containing both the nanosilica and one of the two metal hydroxides present an OOT value higher than those containing only one filler type. It is interesting to note that the sample PE-HF-25 manifests an OOT of 232.7 ∘ C, while an OOT of 238.2 ∘ C was measured for the sample PE-HF-20-Ar974-5, which has the same total filler content (25 wt.%) but combines both filler types. This highlights once again the synergistic effect of the employed micro-and nanofillers in enhancing the thermal stability of LLDPE. The introduction of non-halogenated products able to improve flame retardancy and simultaneously preserve or even improve the mechanical performance of the polymer matrices could be very attractive from an applicative point of view, and both nanosilica and metal hydroxides are good candidates in this sense. The mechanical properties of these compositions were investigated through uniaxial tensile test, and Figure 7 shows representative stress-strain curves. First, the effect of the two metal hydroxides on the mechanical properties of LLDPE was investigated, and the most important results are summarized in Table 4 .
Both AF and HF considerably increase the elastic modulus of LLDPE. The stiffness of the material increases with the filler content. A maximum value of 566 MPa, i.e. 300% higher than the modulus of unfilled LLDPE, is reached for an HF loading of 40 wt%. These results are in good agreement with those reported in the literature for similar systems [14, 24] , and it was an expected result that reasonably follows the addition of a stiffer filler. The same trend is observable on the stress at yield (σy), even though to a lower extent. On the other hand, the addition of metal hydroxides causes a decrease in the strain at break (ϵ b ), and thus of the stress at break (σ b ) due to the reduction of the strain Tm, Tc = melting and crystallization temperatures; ∆Hm, ∆Hc = melting and crystallization enthalpies; Xc = crystallinity hardening region. In any case, a metal hydroxide content of 20 wt.% causes a reduction of about 24% in strain at break with respect to the unfilled matrix, and corresponds to a value of ϵ b still above 1000%, while a metal hydroxide content of 40 wt.% deteriorates dramatically the plastic resources of the matrix, as the failure happens immediately after the yield point. The failure properties are comparable to those reported for similar systems in the literature [18] . The decrease in ductility is one of the reasons why the metal hydroxide content of the samples containing also the fumed nanosilica was limited at 30 wt.%. This content can be considered a good compromise between melt fluidity, stiffness, ductility and thermal stability. (Figure 8a ) and stress at yield (Figure 8b ) for all the nanosilica contents. Moreover, it also increases the strain at break of the blends (Figure 8c ), but only at low weight fractions. In a recent work of our group a new theoretical model was proposed to demonstrate that nanofiller aggregation may constrain a portion of matrix, thus limiting the mobility of macromolecules [57] . The stiffening effect of fumed nanosilica is well documented in the literature [3] , as well as the effect on the stress at yield and the strain at break [58] . These results highlight that the sample PE-AF-20-Ar974-5 has a good compromise between stiffness, strength and ductility, and therefore it is the best candidate in the perspective of fabricating singlepolymer composites, from the mechanical point of view. It is interesting to notice that the synergistic effect between metal hydroxides and nanosilica is visible also on the mechanical properties, as the sample PE-HF-20-Ar974-5 had higher elastic modulus, yield strength and also elongation at break than the sample PE-HF-25. Table 5 summarizes the results of the Vicat tests on the samples PE, PE-HF20-Ar974-x and PE-HF30-Ar974-x (x = 0÷ 20). The measured Vicat softening temperature (VST) of the neat PE is 100.8 ± 1.4 ∘ C, i.e. slightly higher than the value of 96 ∘ C declared by the producer. For low filler concentrations, the VST is not significantly different from that of neat PE, while it increases with an increase in silica content at elevated concentrations, up to 113.0 ∘ C for the PE-HF30-Ar974-20 sample, which corresponds to an increase of 12 ∘ C with respect to the unfilled polymer.
On the basis of the results presented so far, a selection of optimal compositions can be made according to the me- 113.0 ± 1.7 chanical and thermal properties, but also on the processability and melt viscosity, in the perspective to use these materials as matrices for singlepolymer composites. The most promising metal hydroxide is HF, as it has a decomposition temperature closer to the degradation tempera- TTI = time-to-ignition, pHRR = peak of heat-release rate, THR = total heat released, FPi = fire performance index (FPi = TTI/pHRR), FIGRA = fire growth rate, mAHRE = maximum of average heat release emission ture of LLDPE, thus being more suitable to subtract heat when needed. In order to preserve the ductility of the polymer matrix, the content of HF should be limited to 20-30 wt%. To retain the melt fluidity and have an acceptable MFI value to preserve the processability, the nanosilica content was limited to a maximum of 5 wt%. Two tests were performed to investigate the flame resistance of the samples with optimized composition, namely the limiting oxygen index (LOI) and the cone calorimetry tests.
The results of the LOI test are reported in Table 6 , which summarizes the values of LOI (%) and the flame propagation rate in air (mm/min). The measured LOI for LLDPE was 18.5%, which is in good agreement with values commonly reported in the literature for polyethylene [2] and classifies this polymer as inflammable and selfsustaining the combustion [1] . The LOI increases with an increase in the HF weight fraction, reaching 30.7% with an HF content of 25 wt.%, andalso with an increasein the nanosilica loading, up to 24.8% for a nanosilica content of 4 wt.%. The opposite trend is observed for the flame propagation rate in air, which strongly decreases with an increase in the filler content. The highest LOI values were measured on the two samples containing both HF and nanosilica, with a maximum of 35.2% for the sample PE-HF-20-Ar974-5. For these two samples, it was not possible to measure the flame propagation rate in air, as these compositions are self-extinguishing and the flame was not able to burn the specimen for the 50 millimeters used as a reference to measure the propagation rate. For PE-HF-20-Ar974-2, the flame ceased to burn after 9 min and 36 s, while the flame on PE-HF-20-Ar974-5 took a shorter time to completely selfextinguish (45 s). In both cases, however, the flame was very small and it clearly had difficulties in top-down burning the sample. It is interesting to note that the sample PE-HF-25, containing the 25 wt% of HF, has a lower LOI than the sample PE-HF-20-Ar974-5, which contains the same total amount of fillers but combining HF and nanosilica. This increase in the LOI value from 30.7% to 35.2% is an additional evidence of the synergistic effect played by the combination of the two selected fire retardants. This positive combined effect could be the consequence of the increased viscosity imparted by the presence of nanosilica. It should be noted that the MFI value of PE-HF-20-Ar974-5 is 1.97 ± 0.05 g/10 min, and it is lower than the MFI values of both PE-HF-20 (2.72 ± 0.05) and PE-HF-25 (2.38 ± 0.08 g/10 min). This implies a higher melt viscosity, which helps preventing dripping and promoting char formation.
It is also interesting to observe the different burning mechanisms of the samples containing the investigated fire retardants. Figure 9 ples containing HF (Figure 9b ) develop a sponge-like structure due to the water release atthe burning surface, with the formation of bubbles, while the samples containing nanosilica (Figure 9c ) form a char layer that prevents drops and hinders the diffusion of oxygen inside the material. The samples containing both fillers develop a burning zone with both characteristics, even though the formation of bubbles is strongly reduced, which can be the consequence of the increased viscosity. The same structures can be observed also in Figure 10 , showing the samples after the LOI test.
Cone calorimetry is regarded as the most complete medium-sized test to investigate the fire behavior of polymers. Curves of heat-release rate and total heat released for all the tested samples are reported in Figure 11(a-b) , while the most important results are summarized in Table 7 .
The addition of nanosilica at such low weight fractions (up to 4 wt%) slightly increases the TTI and decreases the pHRR, and the shape of the curves on Figure 11a are substantially the same as those of the neat PE. On the other hand, the addition of metal hydroxides leads to a considerable reduction in the pHRR, which decreases from 712 kW/m 2 for the neat PE to 267 kW/m 2 for the PE-HF-25 sample, with a reduction of 63%. This reduction is also appreciable from the curve shapes in Figure 11a . In the same way, other important fire-related parameters are improved, such as the FPi, which increases from 0.18 to 0.46, and the mAHRE, which decreases from 311 kW/m 2 to 171 kW/m 2 .
The same behavior is presented by the samples containing both HF and Ar974, which show a better fire performance than the neat PE. The photographs of the residues of the specimens after the tests are reported in Figure 12 (a-f). It can be noticed that cohesive residues are formed with a silica content of 4 wt%, even without magnesium hydroxide. Moreover, the dark color of residues containing silica indicates that this nanofiller tends to promote charring. These tests highlight the synergistic effect between the metal hydroxide microfiller and fumed silica nanofiller, since the sample PE-HF-20-Ar974-5 shows better fire performances than the sample PE-HF-25 in terms of pHRR, mAHRE and FPi values. Being the FPi the ratio between the TTI and the pHRR, a high FPi suggests that this composition has a quite long time to ignition and at the same time it does not rapidly burn releasing smoke. Once again, the synergistic effect and the positive contribution of the fumed silica could be partly ascribed to the increase in the melt viscosity. To highlight the correlation between the melt viscosity and the fire performance, Figure 13 fire retardancy and resistance to thermo-oxidative degradation, but also in some mechanical parameters, thereby highlighting the synergistic effect of the two fillers also in enhancing the mechanical properties of the microcomposite.
Conclusions
In this work, LLDPE-based micro/nanocomposites were prepared by using surface functionalized fumed silica nanoparticles and two kinds of metal hydroxides (aluminum trihydroxide and magnesium hydroxide) at different relative amounts. The work aimed at investigating the FR capability to improve the flame properties, the thermal degradation performance and the mechanical properties of the matrix, and to evaluate synergistic effects between micro-and nanofillers. SEM images revealed that both metal hydroxide microparticles and fumed silica aggregates were homogeneously distributed within the matrix, and silica created a percolative network at elevated concentrations. The measurement of MFI showed that the melt fluidity and the processability of the composites was not seriously impaired upon AF and HF introduction, while nanosilica loadings higher than 5 wt.% led to an unacceptable reduction of the MFI values.
TGA and OOT tests demonstrated that HF was more efficient than AF in subtracting heat in the temperature interval required by LLDPE, while the nanosilica was responsible for an important improvement in the thermal degradation behavior. It was interesting to note that the thermal degradation properties measured with TGA and OOT tests were better in the sample in which 5 wt.% of HF was substituted by nanosilica than in that containing only HF, at the same total filler concentration (25 wt.%), which suggests a synergistic effect between the two fillers.
Tensile tests on the prepared materials showed that both metal hydroxides promoted an important increase in elastic modulus and yield strength, and even though this was accompanied by a strong deterioration of the strain at break, the reduction in ductility was unacceptable only at high metal hydroxide concentrations. The introduction of small amounts of nanosilica helped to partially retain the failure properties of the pristine matrix. It was interesting to note that the synergistic effect between metal hydroxides and nanosilica is visible also on the mechanical properties, as the sample PE-HF-20-Ar974-5 had higher elastic modulus, yield strength and also elongation at break than the sample PE-HF-25.
Lastly, LOI and cone calorimetry tests on the samples with optimized compositions demonstrated that the synergistic effect between HF and fumed silica at a proper relative ratio could lead to a strong enhancement of the fire performance. An interesting correlation was found between normalized fire parameters (pHRR, FIGRA and LOI) and normalized viscosity parameters (MFI and MVI), which suggests that a simple test such as the MFI can be useful to provide information on the flame performance.
Unless similar works, this research activity has focused on the investigation not only of the effect of FRs on the fire performance and the resistance to thermooxidative degradation of the polymer matrix, but also of the corresponding mechanical, physical and processingrelated properties. Moreover, this research has addressed the flame retardancy enhancement given by the combination of metal hydroxides and isodimensional fillers such as fumed silica nanoparticles, which are less widely used as a flame retardant synergist than other nanofillers, even though they have been proven effective in enhancing the mechanical properties and the fire performance of polymers.
Given all the presented results concerning the processability, the mechanical properties, the thermo-oxidation resistance and the fire performance, the sample PE-HF-20-Ar974-5 was evaluated as the most suitable composition to be employed to fabricate fire resistant PE-based single polymer composites with the introduction of UHMWPE fibers, as confirmed by preliminary encouraging results.
